The genes encoding the periplasmic [Fe] hydrogenase from Desulfovibrio vulgaris subsp. oxamicus Monticello were cloned by exploiting their homology with the hydAB genes from D. vulgaris subsp. vulgaris Hildenborough, in which this enzyme is present as a heterologous dimer of a and 0i subunits. Nucleotide sequencing showed that the enzyme is encoded by an operon in which the gene for the 46-kilodalton (kDa) a subunit precedes that of the 13.5-kDa 0i subunit, exactly as in the Hildenborough strain. The pairs of hydA and hydB genes are highly homologous; both a subunits (420 amino acid residues) share 79% sequence identity, while the unprocessed ,I subunits (124 and 123 amino acid residues, respectively) share 71 % sequence identity. In contrast, there appears to be no sequence homology outside these coding regions, with the exception of a possible promoter element, which was (1, 20) , and gram-negative photosynthetic bacteria such as Rhodobacter capsulatus (8) . The presence of the [NiFe] hydrogenase in these bacteria has been proven by purification and characterization of the enzymes (1, 6, 10, 13, 14, 18, 20, 22) and, more recently, by Southern blotting, cloning, and sequencing of the genes for this hydrogenase (8, 9, 21 
Two distinctly different types of the enzyme hydrogenase, the [Fe] and [NiFe] hydrogenases, are found in the periplasm of sulfate-reducing bacteria. The [NiFe] hydrogenase, as found in Desulfovibrio gigas (6, 13) , is a heterologous dimer of a small and a large subunit (molecular masses, 26 and 62 kilodaltons [kDa] , respectively) and is known to be present in a variety of sulfate-reducing and other gram-negative bacteria, e.g., Desulfovibrio vulgaris (10, 18) , Desulfovibrio africanus (14) , Azotobacter vinelandii (22) and Azotobacter chroococcum (34) , Bradyrhizobium japonicum (21), Escherichia coli (1, 20) , and gram-negative photosynthetic bacteria such as Rhodobacter capsulatus (8) . The presence of the [NiFe] hydrogenase in these bacteria has been proven by purification and characterization of the enzymes (1, 6, 10, 13, 14, 18, 20, 22) and, more recently, by Southern blotting, cloning, and sequencing of the genes for this hydrogenase (8, 9, 21) . A high degree of homology between these enzymes is indicated by the demonstration that the genes encoding the R. capsulatus [NiFe] hydrogenase could be cloned with a B. japonicum probe (8) . Also, immunological cross-reactivity has been demonstrated, e.g., between [NiFe] hydrogenases from E. coli and B. japonicum (5) and a variety of other sources (7) . An additional class of hydrogenase, the [NiFeSe] hydrogenases, is related to that of the [NiFe] hydrogenases, as was recently shown by considering the homology of the amino acid sequences for the small and large subunits derived from the nucleic acid sequences of the cloned genes (9, 12, 32) . Both the [NiFe] and [NiFeSe] hydrogenases are encoded by an operon in which the gene for the small subunit precedes that for the large subunit (8, 9, 12, 21) .
In contrast to this rather widespread occurrence of the [NiFe] hydrogenases, the distribution of the periplasmic [Fe] hydrogenase appears to be limited to certain, not all, sulfatereducing and perhaps other anaerobic bacteria. The genes encoding the [Fe] hydrogenase of D. viulgaris subsp. i'ulgaris * Corresponding author.
Hildenborough (referred to here as D. vulgaris Hildenborough) were the first hydrogenase genes to be cloned (33) and sequenced (28) and have, therefore, been used as probes in early attempts to clone the [NiFe] hydrogenase genes from several of the organisms listed above. These attempts were, without exception, unsuccessful because of the absence of homology between [Fe] and [NiFe] hydrogenases, which has become evident from a comparison of the nucleic acid sequences of the cloned genes (32) and the apparent absence of genes encoding an additional periplasmic [Fe] hydrogenase in these organisms. Southern blotting indicated the presence of the [Fe] hydrogenase genes in 6 of 16 selected species and strains of the genus Desulfovibrio (31) Fig. 2C ) was isolated from plasmid pHV15 (33) and transferred to pUC8 to give plasmid pHVC5. The insert was isolated from pHVC5 by digestion with EcoRI and HindIII, followed by low-gelling-temperature agarose gel electrophoresis, and was radiolabeled by nick translation. The blots were prehybridized (3 h) and hybridized with this probe (16 h (pH 7.5), 1 M NaCl, 0.1% (wt/vol) sodium pyrophosphate, 0.1% (wt/vol) SDS, and 0.05% (wt/vol) denatured salmon sperm DNA, with 10% (wt/vol) dextran sulfate added as a hybridization enhancer. Following hybridization, the blots were washed twice for 5 min at room temperature with 100 ml of 0.3 M NaCl, 0.06 M Tris hydrochloride (pH 8.0), and 0.002 M EDTA; then twice for 15 min at 60°C with 100 ml of this same solution with 0.5% (wt/vol) SDS added; and finally, twice for 15 min at room temperature with 0.003 M Tris base, after which the filters were dried and autoradiographed.
Gene cloning. Chromosomal DNA of D. vulgaris Monticello was digested with PstI, and the 9-to 12-kb fraction of PstI fragments was isolated by low-gelling-temperature agarose gel electrophoresis. This fraction was ligated to the cloning vector pUC8, which was previously digested with PstI and calf alkaline phosphatase. The ligation mixtures were transformed into competent cells of E. coli TG2. Plating, selection, and screening of transformants, which were grown on TY-ampicillin plates, was done as described elsewhere (33) . The same hydAB probe and incubation procedure as described above for Southern blotting was used to screen recombinant colonies for the presence of the [Fe] hydrogenase genes from D. vulgaris Monticello.
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Comparison of amino acid sequences. The amino acid sequences of the ox and subunits of the [Fe] hydrogenase from D. vilgaris Monticello, which were derived from the nucleotide sequences of the genes, were compared with those obtained for the Hildenborough strain (28) (Fig. SA  and B ). As expected, both pairs of sequences share considerable homology. The amino acid sequence of the a subunit, which was found to have an 8Fe-8S ferredoxinlike electron transfer domain at its NH, terminus (28) , has a length of 420 amino acid residues in both hydrogenases. All cysteine residues in the two sequences are conserved, with the exception of C-102, which is replaced by a valine residue in the Monticello sequence. As was discussed in more detail elsewhere (27, 28) , the eight cysteine residues at the NH2 terminus (two clusters of four: C-35, C-38,C-41, and C-45, and C-66, C-69, C-72, and C-76) are likely to coordinate two 4Fe-4S clusters that transfer electrons from a third cluster, which is thought to serve as the hydrogen-binding center (4) and must have at least four of the nine conserved cysteine residues in the C-terminal part of the ox subunit (C-142, C-178, C-179, C-200, C-234, C-360, C-378, C-382, and C-384) as ligands. The high degree of homology between the two sequences precludes a further assignment of these active-site cysteines. It was found recently (25) that the Hildenborough strain has a gene (hydC) which potentially encodes a fusion protein of the (x and subunits of the periplasmic hydrogenase and which is located immediately downstream from the hydAB genes, as indicated in Fig. 2 . It is interesting that the NH2-terminal, electron-transferring part of the amino acid sequence of this putative protein, which was deduced from the nucleotide sequence of the gene, has a low degree of homology with the ferredoxin region of the ox subunit (20 of 100 residues, including the eight cysteines), while the sequence homology of the two COOH-terminal hydrogenbinding regions is much higher (148 of 320 residues). Only five cysteine residues were found to be conserved in this domain; these are indicated in Fig. 5 (C-178, C-179 , C-234, C-382, and C-384, with the numbering being that of the ox subunit of the periplasmic [Fe] hydrogenase) and are located in highly conserved regions of the polypeptide chain. It is, therefore, likely that these five cysteine residues coordinate to the third hydrogen-binding iron-sulfur cluster, although the number of sequence comparisons on which this conclusion is based is still small. The present observation that cysteine C-102 is not conserved in the ox subunit of periplasmic [Fe] hydrogenase is in agreement with this proposal. The conservation of amino acid residues other than cysteines in the two oa-subunit sequences is found to be very high (79%; Fig. SA) . As in the Hildenborough strain, the cx subunit of the periplasmic [Fe] hydrogenase of the Monticello strain lacks a hydrophobic NH,-terminal signal sequence, which could serve in its export to the periplasm. A complex NH2-terminal signal sequence of 34 amino acid residues has been found in the small subunit of [Fe] hydrogenase from D. 'ulgar'is Hildenborough (17) .
The two small-subunit sequences are compared in Fig. SB , and it is clear that the sequence of the signal peptide is conserved (27 sequence identities in 34 residues). This sequence contains the only cysteine residue of the small subunit; there are no cysteines in the sequence of the mature small subunit in either hydrogenase. It is clear from the results presented in Fig. SB that (23) was used to compare the Hildenborough sequence (1, 891 bp, starting at the SacIl site, as described previously [28] ) and the Monticello sequence (1,964 bp; see Fig. 3A ). The sequence identity of at least 9 of 11 bases is plotted. The locations of the hydA and hydB structural genes are indicated (*- precedes that of the large subunit (55 to 65 kDa). The small subunit contains more conserved cysteine residues than the large subunit (32) and is likely to be the main site for the binding of electron-transferring iron-sulfur clusters in these hydrogenases. However, despite these substantial differences, a common feature among these two classes of hydrogenase is that the small subunit always has a complex NH2-terminal signal sequence, while no NH2-terminal signal sequence can be found on the large subunit. (Fig. 2) . A potentially bidirectional transcription terminator has been shown to be present in the region of the Hildenborough sequence separating the hydAB and hydC genes (25, 28) *** ** * ** ********** * **** *1*1* * * * * * ** **** * * * MSRIEMEKIFYEDHAPDPKADPDKLFFIQIDESK C IG C DS C QQY C PTGAIFGDTGDAHKI 61 PHIEA C IN C GQ C LTH C PENAIYEAQSWVPEVEKKLKDGKVKCIAMPAPAVRYALGDAFGM ** * * ** * ** **** ** **** **** * *** * ** ***************** PHEEL C IN C GQ LTH PVGAIYESQSWVTEIEKKIKAKDVKVIAMPAPAVRYALGDAFGL 121 PVGSVTTGKMLAALQKLGFAHCWDTEFTADVTIWEEGSEFVERLTKKSDMPLPQFTS _ P *** ****** ** *** **** ************ *** ***** * ******* ** * PVGTVTTGKMFSALKELGFDHCWDNEFTADVTIWEEGTEFVQRLTKKLDKPLPQFTS CC P A 181 GWQKYAETYYPELLPHFSTCKSPIGMNGALAKTYGAERMKYDPKQVYTVSIMP C IAKKYE ** ** * **** ** * ******* * ******* ***** ******** 1* ***** GWHKYVESLYPELFPHMSSCKSPIGMLGTLAKTYGADRMKYDRAKVYTVSIMP C TAKKYE A -241 GLRPELKSSGMRDIDATLTTRELAYMIKKAGIDFAKLPDGKRDSLMGESTGGATIFGVTG * ** * ** ***** *********** *** ******** ********** ***** GMRPQLWDSGHKDIDATIDTRELAYMIKKAKIDFTKLPDGKRDTLMGESTGGATLFGVTG 301 GVMEAALRFAYEAVTGKKPDSWDFKAVRGLDGIKEATVNVGGTDVKVAVVHGAKRFKQVC ******** ** ******* * *** **** * ********* ********** ** ** GVMEAALRYAYQAVTGKKPESMDFKGVRGLQGVKEATVNVGGVDVKVAVVHGARRFHDVC A 361 DDVKAGKSPYHFIEYMACPGG C V C GGGQPVMPGVLEAMDRTTTRLYAGLKKRLAMASANKA ***** * **** ****** 1*1*1* ** ********* ** ** ** ************* * ELVKAGKAPWHFIEFMACPGG C ViC GGGQPVMPGVLEAADRRSTRMYAGLKKRLAMASASRA (AAAAGCCCCCCGACGCGCAGCGCAGGGGGGCG GAAAA). The homology of hydC to the hydAB genes was discussed above and is indicated in Fig. 2 (21) .
chromosome was found to hybridize with both the homologous hydAB and hydC probes (Fig. 7, lanes 1 and 3) , in agreement with expectations based on the restriction map. Hybridization of the EcoRI digest of the Monticello chromosome with the hydAB probe gave the expected 4.1-and 1.2-kb fragments, as well as a 2.6-kb digestion intermediate (Fig. 7, lane 2) formed by incomplete digestion at the EcoRI site separating the 1.2-and 1.4-kb fragments ( Fig. 2A ), but hybridization with the hydC probe was entirely negative (Fig. 7, lane 4 Fig. 1 ).
